This study aims to discuss adipose stem cells' (ASCs) antagonism in glycosylation of D-galactose-induced skin aging of nude mice and its skin recovery function; the study also aims to explore a new mechanism of anti-aging to provide clinical anti-aging therapy with new thoughts and methods. We selected 40 healthy specific pathogen-free (SPF) nude mice and divided them randomly into four groups which were: blank control group; D-galactose + phosphate buffer saline (PBS) group; D-galactose + ASCs treatment group; and D-galactose + aminoguanidine (AG) group. Results showed that the superoxide dismutase (SOD) level of mice in the D-galactose-induced model group (87.15 ± 4.95 U/g) decreased significantly compared with that of control group (146.21 ± 4.76 U/g), while malonaldehyde (MDA) level of mice in D-galactose induced model group (11.12 ± 2.08 nmol/mg) increased significantly compared with that of control group (5.46 ± 2.05 nmol/mg) (P <0.05); thus D-galactose induced sub-acutely aging mice models were duplicated successfully. Results also indicated that transplantation of ASCs could reverse expression of aging-related biomarkers such as MDA, SOD, and advanced glycosylation end products (AGEs); hematoxylin and eosin (HE) staining showed that thickness of the dermis layer as well as the collagen content of mice in the D-galactose-induced model group increased significantly after ASC transplantation compared with that of control group. In addition, immunohistochemical assay showed that expression quantity of CD31 and vascular endothelial growth factor (VEGF) of mice in the D-galactose-induced model group increased significantly after ASC transplantation compared with that of control group. In conclusion, ASCs can trace cell distribution successfully through bioluminescence, and they survive for a short time in the skin after transplantation, which provides a basis for the application of ASC transplantation in clinical practices. Moreover, ASCs can control glycosylation level of D-galactose-induced skin aging of nude mice, reverse expression of aging-related biomarkers as well as restrain formation of advanced glycation end products, which are similar to the effects of AG inhibitors of advanced glycation end products. Thus, ASCs can prevent glycosylation-induced skin aging as well as recover functions of skin.
Introduction
Characteristics of skin aging include decrease of elasticity and softness, occurrence of wrinkles, dryness, keratinization, and excessive pigmentation. Current theories of skin aging are mainly as follows: gene regulation theory (mutation accumulation of genome); environmental influence theory (sediment of toxic metabolite); endocrine disorder theory (lack of hormone); free radical theory (excessive formation of free radicals); and nonenzymatic glycosylation aging theory (abnormal increase of cross-linked glycosylation products).
The sub-acutely aging models of rodents induced by chronic injection of D-galactose are widely applied to anti-aging pharmacology studies. [1] [2] [3] Glycosylation is a non-enzyme reaction among free amino acid groups in collagen, as well as the oxidization induced by oxygen activation gene. However, the glycosylation induced by reaction between reducing sugar and protein is the important factor that causes body aging. [4] [5] [6] Free radicals have a super strong oxidizing ability that can peroxide unsaturated lipids of biological membranes and produce lipid peroxide (LPO). The end product of free radicals is malonaldehyde (MDA) which can influence exchange of substances between cells, and finally lead to rupture and death of cells. [7] [8] [9] [10] Various kinds of metabolic processes of substances in the body can lead to peroxidation of free radicals and thus cause an unbalance of free radicals. If accumulated damages caused by free radicals defeat recovery ability of the body, differentiation status of cells can be changed and differentiation capacity of cells may be destroyed, which finally results in skin aging. 11 Adipose stem cells (ASCs) can differentiate into endothelial cells and adipose cells, which are able to accelerate the formation of blood vessels and adipose tissues. In addition, ASCs exist extensively in the human body and are easy to be processed, which can be applied to soft tissue augmentation to some extent. Preclinical studies as well as early clinical studies also indicated that ASCs composite injectable scaffold materials could be used as soft tissue augmentation for anti-aging of the skin. 12, 13 This study took fat which was derived from the bilateral groin of C57BL/6-GFP mice as tissue sources, after separation, cultivation, and passage, ASCs were transplanted in the dermis layer on the backs of nude mice. Using a whole-body optical imaging unit, the survival rate of ASCs after transplantation was observed, and the feasibility of monitoring moving directions of ACSs after transplantation using the whole-body optical imaging technology was discussed. In addition, the study also explored the effect of transplanted ASCs on free radicals and glycosylation of D-galactoseinduced sub-acutely aging nude mice, thus to find a new way of anti-aging as well as to support clinical anti-aging therapy with new thoughts and new methods.
Materials and methods

Research object
Forty 6-week-old healthy specific pathogen-free (SPF) nude mice of either gender were selected, and the weight of those nude mice was in the range of 17-23 g; all nude mice were raised in the SPF animal house of Dongying People's Hospital of Shandong Provincial Hospital Group. Mice were randomly and equally divided into four groups which were: blank control group; D-galactose + phosphate buffer saline (PBS) group; D-galactose + ASCs treatment group; and D-galactose + aminoguanidine (AG) group. Mice were kept in the animal center after the experiment; fat tissues were taken from the fat pads of the bilateral groin of the mice. All animal experiments were examined and approved by the Animal Ethics Committee and all verified by pathologists.
ASCs separation and cultivation of C57BL/6-GFP mice
Integrated fat pads from bilateral groin of C57BL/6-GFP mice were put on a culture dish. Fat pads were repeatedly washed three times using PBS solution to clean residual blood on surfaces. Visible fibrous connective tissues on fat pads were cut off. Next, fat pads were cut into small tissue blocks in 1 mm 3 . Then 0.25% I type collagenase in equal proportion was added and tissue blocks were digested in a 37°C electro-thermostatic water cabinet for 45 min. During the digestion, the solution should be vibrated and blended two to three times. After that, culture medium (high-glucose Dulbecco's modified eagle medium (DMEM) + 1% mixed solution of penicillin (10,000 IU) and streptomycin (10,000 μg/mL) which was in the same volume was added for neutralization, and a 200-mesh sieve was used for filtration. Then the obtained solution was centrifuged in 1200 rpm for 5 min to remove lipid droplets, adipose cells, and mixed impurities. A one-off sucker was used to remove supernatant liquid, and then 1 mL of culture medium was used for suspension of the lowest sedimentation. Then red blood cell lysis buffer in six times volume was added; obtained solution was blended and incubated at room temperature for 8 min. After that, the solution was centrifuged in 1200 rpm for 5 min again and the supernatant liquid was removed. Certain amount of culture medium was used for resuspension of sedimentation to obtain stromal vascular fraction (SVF) suspension. After that, 10% DMEM was added for resuspension of cells and then obtained cell suspension was inoculated in a culture dish; the culture dish was then cultured in an incubator (37°C, 5% CO 2 ).
ASC transplantation experiment
After separation, cultivation, and passage, the third generation of ASCs were digested by 0.05% pancreatin; the obtained cell suspension was centrifuged in 1000 rpm for 5 min. After that, cells were resuspended using 0.5 mL of PBS solution. The final cell concentration was adjusted to IX 106 cells per mL; then the solution was drawn in a 1 mL injector for standby application. Ten nude mice in the weight range of 18-22 g were chosen. Two points on the back of each mouse were injected with 0.25 mL of solution to dermis layer, and each point was marked using gentian violet. All mice after injection were kept in the SPF animal center.
Observation after ASC transplantation
First, the general condition of the nude mice was observed, including mental condition, activity status, skin elasticity, food consumption, water consumption, and excretion. Second, the survival rate of ASCs should be observed on days 1, 3, 7, 14, and 28 after transplantation; mice were anesthetized by diethyl ether (ether anesthesia was approved by the experimental animal ethic committee), and a fluoroscopic imaging unit was used for observation.
Construction of D-galactose-induced aging nude mice models
Nude mice in the D-galactose + PBS group, D-galactose + ASCs treatment group, and D-galactose + AG group were subcutaneously injected with 1000 mg/kg of D-galactose on the back once a day for 8 weeks. All injections were operated with an aseptic technique and each injection point was marked with gentian violet. After 2 weeks, the points on the back of the mice in the three groups were injected with ASCs (1×10 6 ), AG (100 mg/kg), and PBS solution, respectively, to the dermis layer. All mice were killed after 4 weeks and their skin tissues were kept in a -70 °C refrigerator for standby application.
Preparation of 10% skin tissue homogenate and detection of aging-related biomarkers
A skin tissue block which weighed 0.5 g was taken from the injected area of nude mice of each group. The skin tissue block was then rinsed using pre-cooled normal saline. After that, subcutaneous fat and other connective tissues were removed. The skin tissue block was then wiped dry using filter papers and weighed. Pre-cooled normal saline which was nine times heavier than the skin tissue block was taken using a measuring cylinder. Then the skin tissue was made into 10% tissue homogenate using tissue homogenizing machine (in ice water) and was repeatedly melted three times until cells were completely disrupted and all contents were dissociated in liquidoid. Supernate of each group was used for detection of aging-related biomarkers and advanced glycation end products. Specific operation steps were followed according to kit directions. MDA was detected using thiobarbituric acid method and superoxide dismutase (SOD) was measured by xanthine oxidase method.
Detection of advanced glycation end products (AGEs)
AGEs-bovine serum albumin (BSA) was diluted into a 10 μg/mL solution using coating buffer, and each hole of the ELISA plate was added with 200 μL of solution; the ELISA plate was placed in 4°C for one night. After being washed with washing liquid three times, 250 μL of casein confining liquid was added to each hold and the ELISA plate was incubated for 1 h at 37°C. Each competitive antigen had triple dilution from 200 μg/mL and then was added into the coated ELISA plate, 100 μL for each hole. In the meantime, 100 μL of diluted antibody was added and incubated at 37°C for 1 h. Then the ELISA plate was washed with washing liquid and 20 μL of horseradish peroxidase (HRP) marked goat anti-rabbit immunoglobulin G (dilution rate was 1:5000) was added; the plate was then incubated at 37°C for 1 h. After being washed with washing liquid, 200 μL of substrate solution was added. After 10 min of coloration, 50 μL of stop buffer was added to stop reaction. Optical density (OD) was measured by microplate reader at 450 nm.
Histological detection
Skin tissue blocks from four groups were taken and then sliced up. Slices of all skin tissue blocks were processed by eosin-methylene blue staining and Masson staining, while CD31 and vascular endothelial growth factor (VEGF) were given immunohistochemical staining; dermis layer thickness, expression quantity of collagen, and expression quantity changes of CD31 and VEGF of skin samples were observed and compared. Dilution rate of VEGF working solution was 1:500 and dilution rate of CD31 working solution was 1:100; anti-rabbit-HRP conjugated antibody was ready to use.
Iced tissue blocks of each group in 1.5 × 1.5 × 0.2 cm were fixed in 4% formalin for 24 h, and were then washed with water for 24 h. The tissue blocks were then processed by gradient elution using ethyl alcohol in 75%, 85%, 95%, and 100% in sequence, 1 h or so each time. Then dimethylbenzene (1:1) was used for transparency of tissue blocks for 15 min; after that, dimethylbenzene was used for transparency of tissue blocks twice, for 15 min each time. Transparent tissue blocks were then put into melted paraffin and kept in a wax-melting box. After the tissue blocks were completely soaked with paraffin, melted paraffin was poured into a prepared iron box and tissue blocks were put into the box immediately for embedding. Embedded paraffin blocks were fixed on the slicing machine and cut into slices in 5 μm; slices were then flattened in hot water and stuck to glass slides; glass slides stuck with paraffin slices were finally dried in a 45°C incubator for later staining.
Statistical analysis
Data were statistically analyzed using SPSS 13.0 statistical software; T-test or one-way analysis of variance was used for inter-group comparison. Data were represented using mean ± SEM; P <0.05 means the difference is statistically significant; P <0.01 refers to a significant statistical difference.
Results
Morphological features of ASCs
Under a microscope, primary ASCs were observed as monolayer, oval, flat, large, and suspended, with dark cell nuclei, and they had not adhered to the wall. After 4 h of inoculation, adherence and extension occurred in primary ASCs. After extension, cells gradually became fusiform. Cell nuclei were in the center of cytoplasm and their growth was adhering to the wall. After 7 days, we observed fibroblast-like cells with abundant cytoplasm and clearly visible nuclei proliferated in the form of colony. After about 8-10 days, cell fusion reached 70-80%. After passage, cells were fibroblast-like and no significant morphological differences between generations were found.
Observation after ASC transplantation
General observation showed that the nude mice were in good physical and mental condition; the skin of the mice was elastic and stools were wellformed which were a yellowish-brown color. ASCs injected in the back of the mice could be traced successfully through bioluminescence. The wholebody optical imaging unit showed that on day 1 after transplantation, the injection area had the strongest green fluorescence signals; on day 3 after transplantation, the fluorescence signals were weaker than before, but were still strong; from days 7 to 14 after transplantation, the signals decreased gradually; on day 28 after transplantation, the signals almost disappeared (Figure 1 ). Therefore, ASC transplantation could survive for a short time. 
Comparison of general information of nude mice after treatment
Appearance observation: weight of nude mice among four groups had no significant difference before the construction of models, and their skin had good elasticity. From the beginning of model construction to the end, aging mice models gradually became weak, thin, and suffered from constipation; moreover, their skin lost elasticity and their feces stank. In the meantime, mice in the normal group were energetic and swift, and their skin was still elastic and feces had no obvious stench. After ASC treatment, the model group still had no significant improvement. Figure 2 shows the weight change in the mice of the four groups before and after experiment. Figure 3 shows that the SOD level of mice in the D-galactose-induced model group decreased significantly compared with that of the control group, while the MDA level of mice in the D-galactoseinduced model group increased significantly compared with that of the control group (P <0.05); thus D-galactose-induced sub-acutely aging nude mice models were duplicated successfully. Compared with the D-galactose-induced model group, SOD activity increased significantly after treatment of ASCs while MDA level decreased (P <0.05); the effect of ASCs was similar to that of AGEs inhibitor AG. Figure 4 shows that the AGEs level of mice in the D-galactose-induced group increased significantly compared with that of the blank control group, which indicated that AGEs in the skin of D-galactose-induced sub-acutely aging nude mice increased rapidly. Compared with the D-galactose-induced model group, the AGEs level of mice decreased significantly after ASC treatment (P <0.05), thus the effect of ASCs was similar to that of AGEs inhibitor AG.
Detection of aging-related indexes
Detection of AGEs
Difference of staining, dermis layer thickness, and collagen ratio among four groups
Histological observation of cells stained by hematoxylin and eosin (HE). HE detection showed that the skin and its appendages changed significantly after being injected with D-galactose. After HE staining, the dermis layer of the skin became red, cell nucleuses were dark blue, and a large number of fusiform fibroblast nucleuses in dark blue could be seen in collagen fibers. Dermis layer thickness of each skin sample was measured under optical microscope for statistical analysis. Four weeks after injection, the dermis layer thickness of skin samples of four groups changed significantly. Histological measurement found that the dermis layer thickness of mice in the D-galactose-induced model group was thinner than that of the control group, and the dermis layer thickness of mice after ASC treatment was the thickest (P <0.05); the effect of ASCs was similar to that of AG. Details are shown in Figures 5 and 6 .
Distribution of collagen. After Masson staining, a large number of fasciculation-lined collagen fibers could be seen in the dermis layer of skin under microscope. Stained collagen fibers were in blue while stained cytoplasm, muscle fibers, and erythrocytes were in red. The collagen distribution ratio of the D-galactose-induced model group decreased slightly compared with that of the control group, and the collagen distribution ratio of mice treated with ASCs was the highest (P <0.05). Details are shown in Figures 6 and 7 .
Immunohistochemical assay
As shown in Figure 8 , CD31 positive expression mainly concentrated on cell membranes and cytoplasm of new capillaries endothelial cells; after treatment of D-galactose, expression of CD31 weakened significantly (P <0.05). Blood vessel density and blood vessel endothelial cells growth factors of the ASC treatment group increased significantly compared with that of the D-galactoseinduced model group.
VEGF immunohistochemical results suggested that the control group had weakly positive CD31 expression; the D-galactose-induced group was negative (P <0.05); the ASC treatment group was positive ( figure 9 ).
Discussion
As we age, the antioxidant ability of the body weakens: the activity of antioxidant enzymes like SOD decreases and the ability to eliminate free radicals weakens, which can result in the accumulation of a large number of free radicals as well as the increase of lipid peroxide MDA. MDA is an active cross-linking agent that can generate fluorescent pigments immediately with phosphatidyl ethanolamine and then form into lamellar lipofuscin with protein, peptides, and lipid, and deposit in cells and tissues; this kind of lipofuscin can lead to the degeneration and fracture of various kinds of biological macromolecules as well as the destruction of cell structures and functions, and finally the cause of body aging. Aging-related enzymes in the body like SOD and glutathion peroxidase can coordinate with each other to eliminate excessive free radicals and reduce production of lipid peroxide MDA. 14 However, MDA content increases while the activity of SOD reduces as age increases; the activity of SOD can indirectly reflect the body's ability to eliminate excessive oxygen free radicals. 15 In the study, after D-galactose induction, SOD activity reduced significantly while the MDA level increased significantly; however, after ASC transplantation, SOD activity increased significantly while the MDA level reduced significantly, which indicated a reversion of aging phenotypes of skin.
Glycosylation is a kind of non-enzyme reaction among free amino groups in collagen, as well as the oxidation induced by oxygen activation groups. Stimulated by some abnormal substances, the amino in collagen tends to be exposed and then result in non-enzymatic glycosylation between amino and glucose of extracellular fluid; thus new residues are produced which are advanced glycation end products. Advanced glycation end products increase, collagen forms intermolecular cross-linking, permeability of connective tissues decreases, ductility and hardness of tissues increase, and collagen content reduces, which leads to a thinning of the dermis layer as well as a reduction of the elasticity of skin, thus senescence is accelerated. This study verified that the transplantation of ASCs could effectively inhibit production of advanced glycation end products and thus antagonize glycosylation.
Aging nude mice showed a state of improved spirit after ASC treatment and their skin radiance was recovered; an antioxidant test of skin showed that MDA content reduced significantly (P <0.05), SOD activity increased (P <0.05), and advanced glycation end products decreased (P <0.05), which indicated that ASCs could improve activity of antioxidant enzymes, reduce production of lipid peroxides as well as reverse excessive production of advanced glycation end products induced by D-galactose. Changes of enzymatic activity and advanced glycation end products might be related to aging and function decreasing of certain functioning cells as well as the lack of stem cells for timely update. Although specific mechanisms are still unknown, we believe that ASCs may repair or rebuild tissues through following mechanisms: first, ASCs which are similar to mesenchymal stem cells are transplanted into a skin tissue, and they can secrete cell growth factors through paracrine to stimulate repairing of fibroblast; second, ASCs can provide skin tissues that need repairing with antioxidants and free radical scavenging agents, thus to eliminate released toxic substances in local environment, accelerate repairing of live cells as well as to differentiate those cells into functioning cells to replace old functioning cells, which can keep the body balance.
Skin aging is mainly related to the decrease of fibrocytes in the dermis layer and the reduction of biological functions of fibrocytes. Aging of dermal structures of skin mainly shows in the reduction of the dermis's ability to eliminate external substances, thinning of dermal thickness, increase of collagen breakdown, decrease of collagen synthesis, and strengthening of clastic enzyme activity. Activity of various kinds of enzymes decrease during skin aging, such as SOD, etc.; abnormal increase of non-enzymatic glycosylation can lead to increase of glycosylation collagen ratio as well as collagen breakdown and reduction of collagen synthesis. At present, autologous fat tissues are thought to be one of the best soft tissue filling materials. As a kind of ideal seed cells for fat tissue transplantation, ASCs were verified to be very effective in anti-aging, repairing soft tissue damage, and improving the survival rate of transplanted fat. Some research indicated that ASCs were beneficial for update of fat tissues; the life span of fat cells was usually 2-10 years, and apoptotic cells could be replaced by ASC-derived cells. 19, 20 Fat tissues may atrophy along with the increase of age, which may be result in a decrease of ASC generation and weakening of renewability of tissues. Kim et al. 21 and Lee et al. 22 discovered that supernate of ASCs could accelerate proliferation of fibrocytes in the inner layer of dermis and secretion of type I collagen, as well as reduce apoptosis ability of fibroblasts. Besides, injection of ASCs could reduce wrinkles of mice caused by ultraviolet b (UVB) and increase collagen content and dermal thickness. In the study, HE staining and Masson trichrome staining showed that injection of D-galactose could lead to a thinning of the dermis layer and the reduction of collagen secretion; meanwhile, ASCs could reverse changes of thermal thickness and collagen secretion of mice induced by D-galactose. Although a large number of research indicated that ASCs could secrete collagen, we still believe that ASCs mainly accelerate proliferation of fibrocytes and collagen through paracrine mechanism, thus to increase collagen content and thermal thickness; transplanted ASCs could stimulate fibroblasts to secrete collagen and synthesize collagen and secrete a large number of new extracellular matrix as well, thus to repair original elastic fibers of the dermis layer and rebuild skin structures, and increase dermal thickness and skin elasticity and improve skin texture.
Accelerating angiogenesis was considered to be another explanation for anti-aging of ASCs. A large number of evidences indicated that ASCs could accelerate angiogenesis of tissues through secreting VEGF and hepatocyte growth factors. 23, 24 Results in this study verified that ASCs could induce angiogenesis of skin tissues through secreting VEGF, and CD31 immunohistochemical staining further verified that ASCs could provide nutrients for skin tissues. Although some research verified that ASCs could differentiate into vascular endothelial cells and thus provide skin tissues with more nutrients, considering ASCs almost disappeared on day 28 after transplantation, we hold the opinion that ASCs mainly participated in repairing tissue damage and accelerating angiogenesis through paracrine mechanism.
In conclusion, ASCs have long, fusiform, and polygonal forms, which can gather to become cell colonies and have no obvious difference with other mesenchymal stem cells. Distribution of ASCs can be traced through bioluminescence and ASCs can survive for a short time in the skin after transplantation. ASC transplantation has good antagonism on free radicals and glycosylation level of D-galactose-induced aging nude mice, which can provide an experimental basis for theories that ASC transplantation can resist skin aging, as well as support clinical anti-aging therapy with new thoughts. ASCs can significantly reduce content of AGEs in D-galactose-induced aging nude mice, increase SOD activity, reduce MDA level, and eliminate free radicals.
